The genome of the nucleopolyhedrovirus (NPV) (T3 strain) pathogenic for Bombyx mori (Bm) was sequenced and analysed. The BmNPV genome was 128 413 nucleotides long with a GMC content of 40 % and contained 136 open reading frames (ORFs) encoding predicted proteins of over 60 amino acids. Although phenotypically different, the genome organizations of BmNPV and Autographa californica multinucleocapsid NPV (AcMNPV) were closely related. The BmNPV genome was over 90 % identical to about three-quarters of the genome of AcMNPV. The relatedness of predicted amino acid sequences of corresponding ORFs between BmNPV and AcMNPV was about 90 %. However, the BmNPV genome lacked homologues of the following AcMNPV ORFs : Ac3 (conotoxin), Ac7 (orf603), Ac48 (etm), Ac49 (pcna), Ac70 (hcf-1), Ac86 (pnk/pnl) and Ac134 (p94). In addition, BmNPV contained five ORFs related to Ac2. A high frequency of multiple 3 bp insertions was also found within BmNPV and AcMNPV coding sequences.
Introduction
Nucleopolyhedroviruses (NPVs), members of a genus of the family Baculoviridae, have large, circular, double-stranded DNA genomes and are pathogenic for invertebrates, particularly insects of the order Lepidoptera. One of the insects most frequently used for studies of baculovirus infection is the silkworm, Bombyx mori. Historical records indicate that B. mori was domesticated from the wild silkmoth, Bombyx mandarina, several thousand years ago (Yoshitake, 1988) . Subsequently, B. mori was propagated on a large scale and utilized for silk production in China, Japan and Europe. A recurrent threat to this industry was the infection of colonies by virus diseases. One of the main virus pathogens is a nucleopolyhedrovirus, B. mori NPV (BmNPV), which was originally isolated by Bergold (1947) .
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Recent nucleotide sequence analyses of several genes of BmNPV have shown that they are closely related to their homologues from the Autographa californica multinucleocapsid NPV (AcMNPV). Despite this close relationship, BmNPV and AcMNPV have significant differences in their infectivity profiles. For example, although AcMNPV replicates in Spodoptera frugiperda 21 (Sf21) cells, it is not infectious toward B. mori N (BmN) cells (Kondo & Maeda, 1991 ; Sakurai et al., 1998) . In contrast, BmNPV is highly infectious toward BmN cells but does not replicate in Sf21 cells at all (Kondo & Maeda, 1991) or at very low levels (Martin & Croizier, 1997) . Evidence suggests that substitutions of one or two amino acids in the putative AcMNPV DNA helicase protein can generate a mutant AcMNPV that can infect both Sf21 and BmN cells (Kamita & Maeda, 1997) or Bm5 cells (Argaud et al., 1998) .
In order to define the differences between these viruses and to provide information for further investigation of BmNPV, we have sequenced and analysed the BmNPV genome. In this report, we describe the nucleotide sequence of the BmNPV genome and the evolutionary history of the adaptation of BmNPV from an ancestor virus much like AcMNPV by open reading frame (ORF) comparisons. We also describe computerassisted comparisons of the BmNPV sequence to those of other baculoviruses.
Methods
Virus and viral DNA. The BmNPV T3 isolate was plaque-purified from a virus preparation originally described by Maeda (1984) . The T3 isolate was propagated in a B. mori cell line (BmN) as described previously (Maeda, 1984 ; Maeda et al., 1985) . BmN was supplied by L. Volkman (Volkman & Goldsmith, 1982) . Viral particles were isolated from the culture medium of infected BmN cells by centrifugation through a discontinuous sucrose gradient at 30 000 g for 40 min (Maeda, 1989) . DNA was extracted from purified viral particles by proteinase K (1 mg\ml) digestion in the presence of 1 % SDS followed by three phenol extractions, a phenol-chloroform (1 : 1) extraction and three chloroform extractions (Maeda, 1989) .
Nucleotide sequence determination. For these studies, two genomic libraries were used. One library was constructed by random cloning of sonicated viral DNA fragments into the SmaI site of a pUCderived plasmid . The other library was generated by cloning restriction endonuclease fragments into appropriate sites of pBR322-or pUC-derived plasmids (Maeda & Majima, 1990 ). The cloned fragments were then subcloned into a pUC-derived plasmid (pTZλE) containing a 3 kb fragment of lambda phage DNA . Plasmids were digested with an appropriate restriction enzyme and then treated with Bal-31 exonuclease in order to make nested deletions of the BmNPV insert, as described previously . The lambda DNA served to protect the plasmid vector from digestion. The BmNPV fragments in the two genomic libraries or Bal-31-treated plasmids were sequenced by a modification of the dideoxy sequencing method using either reverse or universal pUC primers as described previously . Nucleotide sequences were confirmed by sequencing in both directions an average of 15 times. Ambiguous regions were sequenced by using specific primers located about 50 bp from the region in question.
DNA sequence analyses. Homology searches were carried out with the National Biomedical Research Foundation (NBRF)-PIR database and the DNASIS\PROSIS programs (Hitachi America) as described previously , and through the NCBI nucleotide and protein databases using the BLAST algorithm (Altschul et al., 1990) . Protein alignments for Fig. 2 were carried out by the program MACAW (Schuler et al., 1991) with guidance from Gap BLAST pair-wise alignments (Altschul et al., 1997) . Related blocks of sequence were scored when the observed sequence similarity had a probability of less than 10 −) of having occurred at random.
ORFs were identified by the following criteria : (i) they were larger than 180 bp, (ii) they were not located within larger ORFs and (iii) they showed no major overlap with other ORFs or homologous regions (hr). In addition, BmNPV ORFs that were likely to be expressed were also identified on the basis of significant identity to known protein sequences within the databases.
Results and Discussion

Analysis of the BmNPV genome
The entire BmNPV genome consisted of 128 413 nucleotides, with a GjC content of 40 %. There were 136 ORFs encoding predicted proteins of over 60 amino acids, with no apparent preferred orientation (Table 1 and Fig. 1 ). The orientations of putative BmNPV ORFs were conserved relative to their AcMNPV homologues, with the exception of ORF24 (fgf) (Fig. 1) , due presumably to recombination mediated by the hr2 regions flanking the BmNPV ORF .
Distances between adjacent ORFs or hr regions were short (average of 85 bp) in 112 non-overlapping ORFs. Of these, 29 ORFs were separated by 10 or fewer bp. In contrast, 24 ORFs possessed overlapping initiation\termination codons (32 bp average overlap) with the adjacent ORFs or hr regions on their ' right-hand ' side. These included ORFs 2, 5, 8, 27, 28, 34, 36, 40, 42, 42a, 56, 59, 66, 67, 68, 75, 78, 82, 86, 94, 102, 121, 125 and 134. The total number of nucleotides contained within ORFs or hr regions was 119 420, which is 92 % of the entire genome.
Twelve BmNPV ORFs possessed a consensus early gene promoter motif (a TATA box followed by a CAGT motif 20-25 bp downstream) within 180 bp (see Kool & Vlak, 1993) of the initiation codon (Table 1) . Of these, seven ORFs also possessed a late gene promoter motif, which may allow transcription of these genes during both early and late stages of infection, as has been reported for Ac128 (gp64) and Ac147 (ie-1) (Kool & Vlak, 1993 ; O'Reilly et al., 1994) . Seventy-eight BmNPV ORFs possessed a consensus late gene promoter motif within 160 bp of the initiation codon. A CGTGC motif has also been identified as an early promoter consensus sequence\ transcription initiation site (enhancer-like element) in AcMNPV Ac65 (dnapol), Ac95 (dnahel) and Ac40 (p47) (see Kool & Vlak, 1993) . However, it is not known whether additional sequences are necessary for their transcription. A CGTGC motif was found within 210 bp of the initiation codon of 28 BmNPV ORFs (Table 1) . Thirty-five of the BmNPV ORFs did not possess consensus late or early promoter sequences. They may, however, be transcribed from unique early gene promoters or consensus late gene promoters located more than 210 bp upstream of the ORF, as described previously (Kool & Vlak, 1993 ; O'Reilly et al., 1994) .
Comparison of BmNPV ORFs to those of other baculoviruses
In general, the predicted amino acid sequences encoded by 136 BmNPV ORFs showed relatively low similarity to published polypeptide sequences that were not of baculovirus origin. Most of the predicted BmNPV polypeptides showed high similarity to previously characterized baculovirus homologues. When the nucleotide sequences of the BmNPV and AcMNPV genomes (Ayres et al., 1994) were compared, 115 ORFs, containing 100 392 nt (78 % of the genome), were highly conserved (over 90 % identity). The average amino acid sequence identity between homologous ORFs was about 93 %. Only four BmNPV ORFs appeared not to be directly related to those from other baculoviruses (see below). Many of the BmNPV ORFs the predicted products of which are related to proteins found outside of the Baculoviridae (e.g. DNA polymerase) showed similar levels of identity to those from AcMNPV (Possee & Rohrmann, 1997) .
Table 1. Characterization of putative genes of BmNPV
Nucleotides in the BmNPV genome were numbered sequentially, beginning with the A (position 1) of the initiation codon (ATG) of the polyhedrin gene, in the direction of transcription of the polyhedrin gene. ORFs in the BmNPV genome over 180 bp in length were designated ORF1 to ORF135 (with the exception of ORF42a) beginning with the polyhedrin gene as ORF1. The locations of BmNPV homologous regions (hr) are also indicated. Names of ORFs were taken from Possee & Rohrmann (1997) , Beniya et al. (1998) , Roncarati & KnebelMorsdorf (1997) , McLachlin & Miller (1997) , Olszewski & Miller (1997) or Rapp et al. (1998) or the references listed (see footnote). The position of each ORF defines the A of the initiation codon (ATG) and the T of the termination codon (TAA\TAG\TGA) of its encoding strand. The directions of the transcripts are indicated by arrows. The AcMNPV and OpMNPV sequences were from Ayres et al. (1994) and Ahrens et al. (1997) , respectively. Percentage identity between the AcMNPV and OpMNPV amino acid sequences and BmNPV homologues was calculated based on comparison with GenBank accessions L22858 and U75930, respectively. Chaeychomsri et al. (1995) ; 3, Croizier et al. (1994) ; 4, Hu et al. (1994) ; 5, Huybrechts et al. (1992) ; 6, Iatrou et al. (1985) ; 7, ; 8, Kamita & Maeda (1997) ; 9, ; 10, Lu & Iatrou (1997) ; 11, Lu et al. (1996) ; 12, Lu et al. (1998) ; 13, Maeda et al. (1991) ; 14, Majima et al. (1993) ; 15, Mikhailov et al. (1986) ; 16, Mikhailov et al. (1998) ; 17, Nagamine et al. (1991) ; 18, Ohkawa et al. (1994) ; 19, Shikata et al. (1998) ; 20, Takahashi et al. (1997) ; 21, Tomita et al. (1995) ; 22, Wang et al. (1985) ; 23, Zemskov et al. (1992) ; and 24, Zhang et al. (1995) . ‡ Identity calculated from comparison of partial sequence in corresponding region. § ORF111 is located in the Ac134 coding region in the AcMNPV genome, but the direction of ORF111 was opposite and no similarity to Ac134 was detected.
Motifs
BDCI
BmNPV ORFs encoding zinc finger or leucine zipper motifs
Zinc finger motifs have been shown to play important roles in the regulation of gene expression by direct association with double-stranded DNA molecules. Eight BmNPV ORFs (ORFs 18, 35, 58, 71, 116, 117, 127 and 128) Krappa & Knebel-Morsdorf, 1991 ; Thiem & Miller, 1989) . ORFs 116 and 117 encoded GATAtype zinc finger domains (CX # CX "( CX # C). BmNPV had two iap gene homologues (ORF18-iap1 and ORF58-iap2), as was found with AcMNPV (Crook et al., 1993 ; Ayres et al., 1994) and Orgyia pseudotsugata multinucleocapsid NPV (OpMNPV) (Ahrens et al., 1997) . A homologue of OpMNPV iap-3, which has been demonstrated to block apoptosis in p35-deleted AcMNPV (Birnbaum et al., 1994) , was not found in BmNPV. The role of homologues of BmNPV ORF35 (Ac44 ; Op49) has not been described in AcMNPV or OpMNPV. ORF116 showed 91 % amino acid identity to Ac139 (me53) and ORF71 showed 92 % amino acid identity to Ac88 (cg30), which is not essential for virus replication (Passarelli & Miller, 1994) . In another BmNPV isolate, BmCG30 (encoded by ORF71) was shown to function as a transcriptional activator . ORF117 and ORF127 showed 96 % and 73 % identity to Ac141 (ie-0) and Ac151 (ie-2), respectively, which encode transcriptional regulators (Carson et al., 1991 b ; Kovacs et al., 1991) . ORF128 showed 86 % identity to Ac153 (pe38) (Krappa & Knebel-Morsdorf, 1991 ; Krappa et al., 1995) .
Leucine zipper motifs (LX ' LX ' LX ' L) were encoded by five BmNPV ORFs (ORFs 2, 71, 106, 108 and 128). ORF71 (cg30) and ORF128 (pe38) encoded both zinc finger and leucine zipper motifs, similar to AcMNPV. ORF2 showed 90 % amino acid identity to Ac9 (orf1629), which encodes a capsid protein (Vialard & Richardson, 1993 ; Russell et al., 1997) that has been shown to bind actin (Lanier & Volkman, 1998) . ORF106 showed 92 % identity to Ac129 (p24), which encodes a capsidassociated protein in OpMNPV (Wolgamot et al., 1993) . ORF108 showed 89 % identity to Ac131 (pp34), which encodes a polyhedron envelope-associated protein (Gombart et al., 1989 ; Whitt & Manning, 1988) .
BmNPV ORFs that do not exist in the AcMNPV genome
One of the major differences between BmNPV and AcMNPV is the presence of five ORFs in BmNPV that are related to Ac2. These have been named baculovirus repeated ORFs or bro genes (Kuzio et al., 1999) . BmNPV ORFs 22, 80, 81, 131, 132 and Ac2 were named bro-a, b, c, d and e and ac-bro, respectively ( Fig. 1 and Table 1 ). All five bro genes of BmNPV and ac-bro showed predicted amino acid sequence identity within the N-terminal 135 amino acids of 54-83 % (Fig. 2) . The bro genes could be subdivided into three categories. Ac-bro and bro-d were in one category (Fig. 2) and showed high identity (81 %) except in the region encoding the C-terminal 26 amino acids as described below (Fig. 3 b) . Bro-a and bro-c were in another category and showed 69 % identity over the entire ORF. Bro-b and bro-e were in the third category. They were shorter than the other bro genes (Fig. 2) , showed 87 % amino acid sequence identity overall and 96 % identity within the region encoding the N terminus and were about 40 % identical to the other bro genes. There were truncated versions of these genes in OpMNPV. The C terminus of the predicted products of ac-bro and bro-d showed 40 and 41 % identity to Op116, whereas bro-a and bro-c showed 38 and 32 % identity to Op67 and 23 % identity to Op68, respectively (Ahrens et al., 1997) . Because of the close relatedness of these subcategories of the bro genes, it appears most likely that bro-b and bro-e were generated by gene duplication, as were bro-a and bro-c.
A study of another strain (D1) of BmNPV identified three interspersed homologous (ihs) regions (Hashimoto et al., 1994) . We now realize that this similarity was due to the presence of bro genes. ORFs 22 (bro-a), 80-81 (bro-b, c) and 131-132 (brod, e) are located within ihs regions 2, 3 and 1, respectively. On the basis of comparative physical map analysis, the BmNPV isolate used in this study (BmNPV T3) possessed an insert (of approximately 1 kb) adjacent to ORF131 (bro-d) compared with the BmNPV D1 isolate (Hashimoto et al., 1994) . Because of the close relatedness of the BmNPV T3 and D1 isolates, this suggested that ORF132 (bro-e) may have arisen by a recent gene duplication of its closely related homologue ORF80 (brob) and insertion of the duplicate sequence adjacent to ORF132 (bro-e).
The absence of sequences corresponding to BmNPV bro-a, b, c and e in AcMNPV contributed significantly to the differences in gene arrangement between the BmNPV and AcMNPV genomes. Although these genes were likely to provide a selective advantage to BmNPV, the role they play in the infection cycle has not been defined.
AcMNPV ORFs with no homologues in the BmNPV genome
Comparison of non-homologous regions between BmNPV and AcMNPV indicated that AcMNPV possessed twelve major regions of over 100 bp, which contained sixteen ORFs ( Fig. 1 and Table 2 ), that were missing from the BmNPV genome. Of these, Ac49 (pcna) encodes a protein with similarity to proliferating cell nuclear antigen (O'Reilly et al., 1989) and Ac70, host cell-specific factor 1 (hcf-1), has been shown to be important in host-specific virus replication (Lu & Miller, 1995 . Ac86 (pnk\pnl) encodes a protein with similarity to T4 bacteriophage RNA ligase and polynucleotide kinase (Ayres et al., 1994) and was shown to be non-essential Sequence analysis of BmNPV Sequence analysis of BmNPV Fig. 2 . Relationships among putative products of baculovirus repeated ORFs (bro genes). AcMNPV and BmNPV Bro alignments were carried out using the program Macaw with guidance from Gap BLAST pair-wise alignments. Amino acid sequences are represented as rectangles with expanded coloured rectangles corresponding to blocks of sequence similarity greater than a probability of 10 − 8 for the observed matches to occur at random. Rectangles of the same colour represent similar sequences. Numbers to the right indicate the sizes of the putative products.
for budded virus production (Durantel et al., 1998) . Ac105 (he65) was identified as an early gene (Becker & KnebelMorsdorf, 1993) . Ac134 (p94) is not essential for virus replication in cell culture and evidence suggests that it is involved in suppression of apoptosis Friesen & Miller, 1987) . Ac3, the conotoxin-like (ctl) gene, which encodes a protein that is related to snail toxins (conotoxins), has not been shown to influence AcMNPV pathogenesis (Eldridge et al., 1992) . Ac7 (orf603) was deleted from AcMNPV without affecting replication in cell culture (Gearing & Possee, 1990) . Ac12, Ac33, Ac48 (etm) (Crawford & Miller, 1988) , Ac84, Ac85, Ac97, Ac112, Ac113 and Ac118 do not show similarity to known proteins and investigations of their function have not been reported.
Evidence from the BmNPV sequence suggested a number of mechanisms that could account for the differences in the ORF content between AcMNPV and BmNPV. One of these genes, Ac134 (p94) (Fig. 1) , was thought to have been lost by a specific deletion within an ancestral AcMNPV-like BmNPV genome because 151 bp corresponding to the coding region of the p94 were retained in the BmNPV sequence . When the other regions were analysed, it can be supposed for similar reasons that eight regions (containing 11 ORFs) were deleted from the ancestral AcMNPV-like BmNPV genome, since fragments encoding these genes were partially retained (Fig. 1) . In the remaining three regions (Ac3, Ac97 and Ac112-113), it was unclear whether insertions or deletions had occurred in the BmNPV genome. However, Ac3 (conotoxin) seemed to have been deleted, since another baculovirus, OpMNPV, which shows much lower (about 55 %) nucleotide sequence identity, does possess a conotoxin gene (Op136) in a different region (Ahrens et al., 1997) . The remaining two regions (Ac97 and Ac112-113) may have been generated in the AcMNPV genome after the evolutionary divergence of BmNPV.
Table 2. ORFs specific to AcMNPV
Numbers of AcMNPV ORFs were taken from Ayres et al. (1994) . Percentage identity between AcMNPV ORFs and OpMNPV homologues is shown. -33  182  ---48  113  etm  52  109  44  49  285  pcna\etl  53  307  30  70  290  hcf-1  ---84  188  ---85  53  87  55  24  86  694  pnk\pnl  ---97  56  ---105  553  he65*  ---112  87  ---113  169  ---118  157  ---134  803  p94 †  ---3  5 3  ctl  136  53  76  7 201 orf603 ---* Part of Ac105 is found in the genome of BmNPV (ORF89, 289 aa) and it has high (95 %) identity to amino acids 1-288 of Ac105. † ORF111 located in Ac134 (p94) coding region in the AcMNPV genome, but the orientation of ORF111 was opposite and it had no detectable similarity to Ac134.
BmNPV ORFs encoding predicted products of fewer than 60 amino acids
BmNPV ORFs encoding predicted proteins of fewer than 60 amino acids, which were excluded from Ayres et al. (1994) . † Nucleotide sequence identity in corresponding region. ‡ Amino acid sequence identity in corresponding AcMNPV region.
summarized in Table 3 . BmNPV ORFs 58a, 92a, 95a, 98a and 110a have homologues in AcMNPV. In BmNPV these ORFs showed high amino acid sequence identity to their AcMNPV counterparts [Ac72 (88 %), Ac110 (93 %), Ac116 (86 %) and Ac121 (91 %)]. Since OpMNPV has ORFs (Op75 and Op111) that are homologous to Ac72 and Ac111, respectively, these ORFs may encode functional proteins. BmNPV possessed three additional small ORFs (ORF7a, 22a and 110a) ( Table 3) . ORF7a was homologous to an undocumented AcMNPV ORF (Ac15a) located between Ac15 and Ac16 and had high nucleotide sequence identity (91 %) but low amino acid sequence identity (51 %), due to insertions of seven and one nucleotide and two single nucleotide deletions within the coding region. ORF22a exists within ihs2 ( Fig. 1) and is unique to BmNPV. ORF110a was in the region homologous to part of AcMNPV p94. Translation of this remnant sequence predicts a protein with 82 % identity to the corresponding amino acids of AcMNPV p94 ; however this region was mostly overlapped by ORF111. These three ORFs may therefore not be functional.
BmNPV ORFs different from AcMNPV ORFs but located in regions of related nucleotide sequence
The remaining AcMNPV ORFs that have no homologues in BmNPV appear to have been generated by small sequence differences, such as single nucleotide insertions, deletions or substitutions within corresponding nucleotide sequences, since the corresponding nucleotide sequences showed high similarity in AcMNPV and BmNPV. BmNPV ORF47 appeared to be a fusion of Ac58 and Ac59 caused by the insertion of one nucleotide at position 43 060 (Table 4) . BmNPV ORF12 (440 aa) was a homologue of AcMNPV arif-1, which has recently been reported to be a combination of Ac20 and Ac21 in AcMNPV strain E (Roncarati & Knebel-Morsdorf, 1997 ). This suggested a strain difference or error in the AcMNPV sequence reported by Ayres et al. (1994) . Similarly, Op62 (176 aa) has low (42 %) amino acid identity to BmNPV ORF47, but also appeared to be a fusion of Ac58 and Ac59.
Nucleotide sequences corresponding to Ac140 (60 aa) and Ac152 (92 aa) existed in the BmNPV genome and both regions showed high (92 %) identity (Table 4) . However, a single nucleotide deletion at position 112 445 and a one nucleotide substitution at position 121 955 appeared to alter the reading frame and eliminate homologues of these ORFs in BmNPV.
In the case of BmNPV ORF90, multiple insertions appeared to combine two AcMNPV gene homologues. ORF90 (249 aa) showed 79 % and 89 % amino acid identity to Ac106 and Ac107, respectively, in the corresponding regions. In contrast, BmNPV ORF90 showed 64 % identity to Op107 (256 aa) (Table 1) , which is also related to Ac106 and Ac107.
Comparison of homologous ORFs between BmNPV and AcMNPV
Most of the BmNPV ORFs were closely related to those of AcMNPV. Overall, there were : (i) 54 ORFs without any deletions or insertions, (ii) 50 ORFs with minor deletions\ insertions (fewer than 25 bp), eight ORFs with 25-75 bp deletions\insertions and three ORFs with large deletions\ insertions (more than 75 bp), (iii) four ORFs with nucleotide substitutions resulting in either the apparent deletion or generation of initiation or termination codons (Fig. 3 a) and (iv) nine ORFs with frame-shifts larger than one amino acid caused by single nucleotide deletions\insertions (Fig. 3 b) . ORFs in category (i) were well conserved with an average of 95 % amino acid identity. Although these ORFs were closely related, the changes present could influence the function of the protein produced. For example, several amino acid substitutions found in BmNPV ORF112 (p35) compared with Ac135 (p35) (91 % amino acid identity) result in a decrease in its ability to inhibit apoptosis by interacting with caspase-1 in mammalian cells (Morishima et al., 1998) . The evolution of a less-efficient BmNPV p35 could result in BmNPV causing a milder apoptotic response compared with AcMNPV. Minor amino acid substitutions in other ORFs may be involved in the adaptation of the virus to a specific host insect, in a manner similar to p35.
BDDC
Insertions\deletions of 25-75 bp were found in ORFs 2, 37, 54, 66, 90, 102 (lef-7) , 128 (pe38) and 84. ORF84 encodes the DNA-binding protein (AcMNPV p6.9 homologue) previously described by Maeda et al. (1991) . Most of the insertions\deletions present in ORFs found in category (ii) did not result in frame-shifts and therefore the changes did not affect major portions of the coding regions. In one, BmNPV ORF78 (dnahel) (Kamita & Maeda, 1997) , with a 3 bp insertion, substitution of a single amino acid apparently caused a major difference in the host specificity of the virus. Three ORFs with large deletions\insertions, ORFs 12, 74 and 127 (ie-2), had major differences including insertions of 24, two and 24 amino acids and deletions of two, 72 and 10 amino acids, respectively, but the rest of the coding sequences were closely related. Since ie-2 was shown to stimulate viral DNA replication in BmNPV (Gomi et al., 1997) , similar to that reported for AcMNPV ie-2 (Lu & Miller, 1995) , these ORFs could have the same functions in AcMNPV and BmNPV.
BmNPV ORFs 14, 52, 56, 126 in category (iii) each had a single nucleotide substitution that affected start\stop codons (Fig. 3 a) , resulting in the generation of extended or truncated ORFs. For example, ORF14 (673 aa) had a TAA stop codon just downstream of the first initiation codon and it therefore started from a downstream initiation codon resulting in a predicted product that was 13 amino acids shorter than its AcMNPV homologue. The predicted products of OpMNPV ORF73 (131 aa) and BmNPV ORF56 (134 aa) lacked about 60 amino acids present at the N terminus of their AcMNPV homologue (Ac68, 192 aa).
BmNPV ORFs 9, 41, 50 (lef-9), 100, 108, 114 (p10), 119, 121 and 131 included in category (iv) contained nucleotide insertion\deletions that caused frame-shifts that affected major portions of the coding regions (Fig. 3 b) . ORFs 9, 41, 100, 108 and 131 also terminated before their AcMNPV homologues due to single nucleotide deletions\insertions. In the case of ORFs 50, 119 and 121, translation may occur upstream or downstream of the corresponding position in the AcMNPV homologues. A single nucleotide deletion in p10 has been shown to result in early termination (69 aa instead of 93 aa in Ac137) (Hu et al., 1994) . The absence of 24 amino acids of the p10 protein in BmNPV resulted in defective fibrillar structures in BmNPV-infected cells (Hu et al., 1994) . There were single amino acid frame-shift mutations due to insertions or deletions near the initiation or termination codons of ORF30 and ORF38, although these insertions\deletions were not predicted to affect the function of these ORFs dramatically.
Most of the differences between BmNPV and AcMNPV ORFs resulted from multiple, contiguous, 3 bp insertions in BmNPV. These insertions are shown as coloured circles in Fig.  1 . The chains of circles represent multiple, repeated 3 bp sequences. Some of the multiple 3 bp insertions are repeated insertions adjacent to an identical 3 bp non-inserted sequence, which we regarded as duplication events and are shown as yellow circles in Fig. 1 . Other insertions are specific to BmNPV or AcMNPV and are shown as green or red circles, respectively. BmNPV contained 65, eight, three, two and one insertions (78 in total) of three, six, nine, 12 and 15 bp, respectively, compared with AcMNPV. In contrast, AcMNPV contained 15, 10, six and two insertions (33 in total) of three, six, nine and 12 bp, respectively, compared with BmNPV (Table 5 ). In BmNPV, 58 of the 78 insertions (74 %) appeared to have occurred by a 3 bp duplication. However, in AcMNPV, only 10 of the 33 insertions (30 %) appeared to be the result of a duplication (Fig. 1) , suggesting that BmNPV may have evolved from an ancestor of AcMNPV by duplication of sequences at a significantly higher rate than AcMNPV. Interestingly, 113 of 126 (90 %) duplicated 3 bp sequences in BmNPV contained at least one G or C. Furthermore, these insertions often generated specific amino acid duplications, i.e. aspartic acid (18 %), serine (18 %), asparagine (16 %), threonine (12 %) and proline (10 %).
BDDD
Comparative analysis of baculovirus genomes
The average amino acid sequence identities between BmNPV and OpMNPV ORF homologues were much lower (55 %) compared with the average of 93 % between BmNPV and AcMNPV ORF homologues (Table 1) . Also, the range of amino acid sequence identities (29-91 %) between BmNPV and OpMNPV was similar to that (24-90 %) found between OpMNPV and AcMNPV (Ahrens et al., 1997) and lower than that (63-100 %) between BmNPV and AcMNPV.
Comparative analyses of ORFs found in AcMNPV, BmNPV and OpMNPV indicated that the organization of ORFs and hr regions was generally conserved. There were, however, a few exceptions : (i) opposite orientations ; OpMNPV ORF1-10 region and OpMNPV ORF22-44 re-gion ; and (ii) translocation (by several kilobases) of three hr regions (hr2, hr4 and hr5) of OpMNPV (Ahrens et al., 1997) . Interestingly, the p24 capsid-associated proteins of BmNPV (ORF106) and OpMNPV (Op127) (Wolgamot et al., 1993) were similar in size (195 and 192 aa, respectively) with 62 % amino acid sequence identity. However, in one strain (E) of AcMNPV, this ORF (Ac129, 198 aa) was truncated, apparently as a result of the insertion of a transposable element (Schetter et al., 1990) , an event which probably occurred in recent evolutionary history. Additionally, although BmNPV lacked a homologue of AcMNPV orf603, as described earlier, OpMNPV and Anticarsia gemmatalis multinucleocapsid NPV have insertions in the corresponding region that show high homology to each other, but not to AcMNPV orf603 (Zanotto et al., 1992) .
In summary, the nucleotide sequence of the BmNPV genome suggests that it evolved from an ancestral virus similar to AcMNPV by deletions of 16 specific genes, the amplification of a single gene to five genes, multiple 3 bp insertions and specific amino acid substitutions.
